In this paper, we present versatile and effective techniques to synthesise silver nanoparticles (Ag-NPs)-based compounds such as colloidal silver nanoparticles (CSNPs) and silver nanoparticles powders (SNPPs). The CSNPs stabilised by a surfactant oleic acid were produced for the first time through the reduction of Keywords: silver nanoparticles; green synthesis; thermal decomposition; modified Tollens process; colloids; antibacterial effect.
Introduction
The synthesis of noble metal nanoparticles for applications such as catalysis, electronics, optics, environmental and biotechnology has been intensively studied [1, 2] . Gold, silver and copper materials have been mostly developed for the synthesis of stable dispersions of nanoparticles, which are useful in areas such as photography, catalysis, biological labelling, photonics, optoelectronics and surface-enhanced Raman scattering (SERS) detection, and among them [3] .
Recently, due to the outbreak of infectious diseases caused by different pathogenic bacteria, pharmaceutical companies and researchers have been searching for new antibacterial agents [4] . The development of new strains of bacteria resistant to current antibiotics has become a serious problem in public health; therefore, there is a strong demand to search for new bactericides [5] . Among metallic nanoparticles, silver nanoparticles (Ag-NPs) are known to have inhibitory and bactericidal properties [6] . In addition, colloidal silver is of particular interest because of its distinctive properties, such as good conductivity, chemical stability, catalytic and antibacterial activity [7] . The antimicrobial property of silver is related to the amount of silver and the rate of silver released. Silver in its metallic state is inert but it reacts to skin moisture and the fluid of one's wounds and therefore becomes ionised. The ionised silver is highly reactive, as it binds to tissue proteins and causes structural changes in the bacterial cell wall and nuclear membrane leading to cell distortion and death [8] . Silver also binds to bacterial DNA and RNA by denaturation and inhibits bacterial replication [9] . Besides, the bactericidal effect of the Ag-NPs has been attributed to their small size and high surface to volume ratio, which allows them to interact closely with microbial membranes and is not merely due to the release of metal ions in solution [10] . The Ag-NPs with bactericidal activity can be immobilised and coated on to different surfaces, which may be applied to various fields, i.e. medical instruments and devices, and water treatment and food processing [11] . The Ag-NPs may also be combined with other compounds, i.e., polymer, to form composites for better utilisation of their antimicrobial activity [12] . This has led to a growing interest from the scientific community regarding the development of Ag-NPs preparation techniques and further understanding of their fascinating properties.
In this work, we have developed new synthesis approaches for producing the Ag-NPs-based compounds of colloidal silver nanoparticles (CSNPs) by a modified Tollens technique, and silver nanoparticles powders (SNPPs) by a thermal decomposition method. Key information on synthesis techniques, structural and morphological properties, and the possible bactericidal mechanism of the Ag-NPs was described. Potential applications of as-prepared CSNPs and SNPPs for developing antibacterial-masterbatchs, acrylic emulsion paint as well as coating layers on cotton textiles were demonstrated. We believe that advanced synthetic techniques and greater stability of fine Ag-NP's dispersions resulted in the significant enhancement of their antibacterial activity.
Experimental

Feasible synthesis of silver nanoparticles powders
For a typical experiment, 1.7 g of AgNO 3 (10 mmol) was dissolved in 100 ml deoxygenated water, then the resulting solution was added into 3.05 g of sodium oleate (10 mmol) and stirred vigorously for 2 h. The obtained solution was drained of the precipitate by filtration and washed three times with deionised water to free it of sodium and nitrate ions. The resulting complex powder was dried at room temperature. After drying, the Ag +1 -oleate complex of white powder was transferred into a pyrex tube to perform a thermal decomposition reaction. The complex was then flushed with nitrogen, and the tube sealed at 0.3 Torr. The sample was slowly heated from room temperature to 330 o C with a heating rate of 2 o C/min, annealed at 330 o C for 1 h, then cooled to room temperature. It was experimentally verified that the colour of the complex changed to black, indicating the formation of silver nanocrystallites [13] .
Green synthesis of colloidal silver nanoparticles (CSNPs)
1.7 g (1.0 × 10 -2 mol) of silver nitrate (Aldrich, 99.9+%) was dissolved in 100 ml of deionised water. Then, the solution of silver nitrate was precipitated with 0.62 g (1.55 × 10 -2 mol) of sodium hydroxide (Aldrich, 99+%). An obtained precipitate of Ag 2 O was filtered and dissolved in 100 ml of aqueous ammonia (0.4% w/w, 2.3 × 10 -2 mol) until a transparent solution of silver ammonium complex, [Ag(NH 3 ) 2 ] + (aq) was formed. Next, 2.5 g (8.9 × 10 -3 mol) of oleic acid (Sigma-Aldrich, 99+%) was added dropwise into the obtained complex, and the resulting solution was gently stirred for 2 h at room temperature until the complete homogeneity of the reaction mixture was achieved. Finally, 2 g (1.11 × 10 -2 mol) of glucose was added to the mixture at room temperature with gentle stirring. The reduction process of silver complex solution (in quartz glass) was initiated with UV irradiation. UV treatment was carried out for 8 h under vigorous stirring without additional heating. A UV lamp (λ = 365 nm, 35 W) was used as a light source to stimulate the reduction process. After 8 h of irradiation, the transparent dispersion of oleic acid stabilised Ag-NPs (silver concentration ~10 mg ml -1 ) was obtained. The synthesis of Ag-NPs was successfully conducted with the final silver concentrations in the range of 0.1-2% [14] .
Measurements
The crystalline structure of Ag-NPs was analysed by X-ray diffraction (XRD, Bruker D5005) using CuKα radiation (λ = 0.154 nm) at a step of 0.02º (2θ) at room temperature. A transmission electron microscope (TEM, JEOL-JEM 1010) was used to determine the morphology and distribution of silver nanoparticles. The UV-vis absorbance spectra of the Ag-NPs were recorded using an HP 8453 spectrophotometer. Quartz cuvettes with a 10 mm path length were used for the measurement of dispersion spectra.
Antibacterial tests
Two microbiological methods were employed to determine the antibacterial activity of the Ag-NPs. The antibacterial activity of the Ag-NPs was tested against gram-negative Escherichia Coli (ATCC 43888-O157:k-:H7) and methicillin-resistant gram-positive Staphylococcus aureus (ATCC 43300) bacteria. These strains were obtained from the Department of Virology at the National Institute of Hygiene and Epidemiology in Hanoi.
First, the standard dilution micromethod was applied in conducting the antibacterial activity tests on the agar plates. These bacteria were cultured on a Luria-Bertani (LB) liquid nutrient broth medium with pH = 7. Aqueous dispersions of Ag-NPs of varying concentrations were prepared from the initial silver colloidal solution. A small suspension of tested bacteria was pipetted and spread onto the surface of the agar medium containing Ag-NPs. The Petri plates were incubated at 37°C for 24 h in a shaking incubator to encourage bacterial cell growth. The viable bacteria were monitored by counting the number of the colony-forming units from the appropriate dilution of bacteria concentration on the agar plates. A control sample test with no applied nanosilver was also conducted for comparison.
Second, the disc diffusion method was used to evaluate the antibacterial activity of silver nanoparticles against tested bacteria. Using the spread plate method, nutrient agar plates were inoculated with 100 µl of bacterial suspension containing 10 8 CFU. Sterile Whatman No. 1 filter paper discs with a diameter of 5 mm each, loaded with 0.5 µg of nanosilver, were placed on the inoculated plates. Control plates were maintained with sterile nanosilver free discs. These plates were incubated at 37°C for 24 h and the zone of inhibition (ZOI) was measured by subtracting the disc diameter from the total inhibition zone diameter.
The antimicrobial effect was quantified based on the inhibition zone measured in the disk diffusion tests conducted in plates, and by determining the minimum growth inhibitory concentrations (MIC) and minimum bactericidal concentration (MBC) of nanoparticles in liquid batch cultures [15] .
Results and discussion
Generally, Ag-NPs can be prepared and stabilised by physical and chemical methods; the chemical approach, such as chemical reduction, electrochemical techniques and photochemical reduction, is most widely used [16, 17] . It should be emphasised that the properties of Ag-NPs strongly depend on size, shape of NPs, their interactions with stabilisers and surrounding media and also the manner of their preparation [18] . Hence, the design of a synthesis method in which the size, morphology, stability and properties are controlled has become a key challenge of interest [19] . In our paper, we present versatile techniques for the preparation of finely dispersed aqueous silver colloids through a modified Tollens technique and of monodisperse silver powders through a thermal decomposition.
A fundamental reduction reaction involving the Tollens process is as follows [20] :
where RCHO -an aldehyde or a carbohydrate (i.e., glucose). The particle size, size distribution and stability of the NPs dispersion depend on the temperature of the process, ammonia concentration and the pH of the medium during the reduction process. The properties of the synthesised NPs dispersions can be also modified by additional components such as surfactants. Ag-NPs synthesised by the conventional Tollens process or in the presence of surfactants are reported to be of 20-70 nm in diameter with rather broad size distribution [19, 20] . In comparison with previous works where Tollens process was being used, we for the first time applied UV-irradiation simultaneously with glucose reduction of silver salt through NPs preparation. There are two distinct features made to improve traditional Tollens technique: first, an addition of oleic acid, which plays the role of a stabiliser, and second, using the UV-irradiation simultaneously with treatment by glucose during the reduction process to induce the formation of silver NPs with controllable diameter and narrow size distribution. Moreover, this synthesis route is environmentally friendly because of the use of non-toxic chemicals [21] . In order to provide further possibilities to control the process of Ag-NPs formation, we used UV irradiation at the stage of reducing silver ammonium complex. It was found that the UV treatment of the reaction medium containing silver complex, surfactant (oleic acid) and glucose resulted in the formation of a highly stable dispersion of small (9-10 nm in size) silver NPs with narrow size distribution, whereas the reduction of [Ag(NH 3 ) 2 ]
+ complex by glucose led to unstable colloidal solutions with broad size distribution. The process of silver NPs preparation under UV treatment was controlled by the irradiation time. A time period of 8 h was found to be optimal for the complete reduction of silver complex [14] .
We also developed a new synthetic method to produce monodisperse silver-powder using the thermal decomposition of a Ag +1 -oleate complex, which was prepared by the reaction of AgNO 3 and sodium oleate in a water solution [22] . Using a thermogravimetric analyser measurement, we observed the thermal decomposition of the Ag +1 -oleate complex at 330°C (data not shown here). From these results, we reasoned that a metal-oleate complex would make an effective growth source for the synthesis of monodisperse nanocrystals. Instead of using toxic and expensive organometallic compounds, we successfully prepared the metal-oleate complex by reacting inexpensive and environmentally friendly compounds, namely sodium oleate. The large-scale synthesis of monodisperse nano-sized particles can be achieved by using inexpensive and non-toxic metal salts as reactants [23] . We were able to synthesise as much as 30-40 g of monodisperse Ag-NPs powder in a single reaction, without a size-sorting process. Moreover, the size of silver particles can be controlled simply by varying the experimental conditions. The advantage of the current synthetic procedure makes it useful for the preparation of a variety of other metallic nanoparticles [23] . Now, let us discuss the functional properties of synthesised Ag-NPs materials. First of all, the existence of Ag-NPs in the solution was determined by using a UV-visible absorption measurement. As observed in top image of Figure 1 , an optical absorption band with a maximum at 420 nm was found. This is a typical feature of the absorption of metallic Ag-NPs due to the surface plasmon resonance, indicating the presence of the Ag-NPs in the solution [24] . With increasing silver concentration, the colour of the solution changed from light yellow to dark yellow to brown (see the inset of top image). It should be noted that the change in colour reveals the formation of Ag-NPs in the solution. The crystallinity of the Ag-NPs was confirmed by powder X-ray diffraction. It showed broad peaks assigned to 111, 200 and 220 planes of a face-centred cubic lattice of bulk silver (see Bottom image of Figure 1 ). This fact confirmed that the synthesised Ag-NPs consisted of pure silver with high crystallinity. These obtained results demonstrated that as-prepared silver colloids consisted of finely dispersed NPs with an average diameter about 10 nm and a relatively narrow size distribution. To determine the stability of Ag-NPs in aqueous media, the absorbance intensity of the Ag-NPs colloidal solution was monitored over time. UV-vis spectra and TEM measurements were obtained to identify the changes in particle size after the aging of Ag-NPs. Results revealed that the particle size remained almost unchanged after being stored for two months [14] . This finding suggests that as-prepared aqueous dispersions of Ag-NPs are very stable against aggregation for several months. These results also imply that reproducible dispersions of silver colloids can be created in batches and stored. Moreover, the addition of appropriate amounts of oleic acid as a stabilising agent to silver colloids not only improves their stability but also allows duplicate measurements to be made with less deviations [21] . Next, in order to obtain deeper insights on the morphology and size distribution of the obtained Ag-NPs, the TEM analyses were employed. As one can see clearly from top image of Figure 2 , the nanosized silver particles were well-formed and well-dispersed. The average-sized silver particle was about 9.6 ± 0.8 nm with a relatively narrow distribution. It should be noted that the absorption band of colloidal solution of the synthesised Ag-NPs was observed at λ max = 420 nm, thus being red-shifted when compared with the plasmon absorption band of silver colloids stabilised by non-covalent interactions (λ max = 400-413 nm) [25] . This can be explained by the formation of a silver oleate layer on the surface of the silver particles. Taking into account the stability of the aqueous dispersions of the as-obtained silver NPs, oleic acid most likely forms a double layer between silver surface and liquid medium (see Bottom image of Figure 2 ). where RCHOH represents glucose in its cyclic form. Primarily, UV treatment leads to the substantially simultaneous formation of a large amount of silver nuclei. This results in small dimensions and narrow size distribution of the finally obtained Ag-NPs. The remaining silver ions are adsorbed onto the surface of the already-formed particles, thus bringing about successive reduction and attracting oppositely charged surfactant ions. These surfactant ions form a capping layer on the surface of the silver particles.
Since the carboxyl group of the oleate ion is directed towards the silver surface, the first capping layer is highly hydrophobic from the outside. Therefore, the oleate ions from the solution start to attach to the first layer forming a stable bilayer structure with carboxyl group directed towards the liquid medium (see bottom image of Figure 2 ). The surfactant molecules inhibit this aggregation association through the capping/template effect, and thus act as a particle stabiliser [26] . It should be noted that the hydroxymethyl functionalities of the surfactant molecules anchor the molecule to the cluster surface, while the hydrophobic chain protects the cluster from aggregation with its next neighbour due to electrostatic repulsion and steric hindrance, thus inhibiting coalescence [27] .
Based on the discovered results, the Ag-NPs with their unique chemical and physical properties have proved as an alternative for the development of new antibacterial agents. The Ag-NPs have also found diverse applications in the form of wound dressings, coatings for medical devices, Ag-NPs impregnated textile fabrics, etc. The advantage of using Ag-NPs for impregnation is that there is continuous release of silver ions and the devices can be coated by both the outer and inner side, hence enhancing its antimicrobial efficacy. Burn wounds treated with Ag-NPs showed better cosmetic appearance and scarless healing [25] . Silver is also non-toxic to humans in minute concentrations. Microorganisms are unlikely to develop resistance against silver when compared with antibiotics, as silver attacks a broad range of targets in the microbes. Thus, it can be concluded that the use of Ag-NPs will serve a variety of applications in different fields such as electronics, medicine, pharmacy and agriculture. However, with the advent of Ag-NPs and their major use as an antimicrobial agent, further studies are needed to understand the exact mechanism of the bactericidal effect as well as the interaction of Ag-NPs with the bacterial cells. Several studies propose that Ag-NPs may attach to the surface of the cell membrane, disturbing permeability and respiration functions of the cell [4] [5] [6] [7] [8] . It is also possible that Ag NPs not only interact with the surface of membrane, but can also penetrate inside the bacteria.
To achieve a full understanding of bactericidal and interaction mechanism of the Ag-NPs, we have conducted the antibacterial activity test of the Ag-NPs against E. coli bacteria. The origin of bactericidal action of the synthesised Ag-NPs with the Gram-negative E. coli bacteria was demonstrated by adapting the cross-sectioning technique in TEM electron microscopy [14] . The sample preparation process of E. coli samples for direct TEM observation can be found in Section 2, part E. Colloidal solution of the silver NPs (5.0 µg mL -1 concentration) was dropped onto the surface of agar plate containing E. coli. After 30 min, 1 h and 2 h, E. coli containing samples were taken out and done by sectioning method for TEM observation. At different magnifications and sections (Figure 3) , it was found that there were a lot of Ag-NPs binding around E. coli cell membrane as well as coming inside the cells. It was evidently observed from Figure 3 that in addition to being fixed to the cell membrane, the obtained Ag-NPs are capable of penetrating it to be distributed inside a bacterium. The cell the cytoplasm was destroyed in the process. This probably led to the death of the E. coli cells caused by the Ag-NPs [21] . It has been clearly demonstrated that the changes in morphology presented in the membrane of the bacteria in conjunction with the possible damage caused by the Ag-NPs reacting with sulphur-containing proteins in the interior of the cell as well as with phosphorous-containing compounds such as DNA will affect the bacteria in the processes such as respiration and cell division, finally causing the death of the cell [28] .
From our experimental results, a possible mechanism for bacterial action of Ag-NPs was established. The silver particles are first attached to the cell membrane and then penetrated the bacteria. The bacterial membrane contains sulphur-containing proteins, and the silver particles interact with these proteins in the cell as well as with the phosphorus-containing compounds like DNA. When silver particles enter the bacterial cell, it forms a low molecular weight region in the centre of the bacteria to which the bacteria conglomerates, thus protecting the DNA from the silver ions. The Ag-NPs preferably attack the respiratory chain and cell division processes finally leading to cell death. The Ag-NPs release silver ions in the bacterial cells, thus enhancing their bactericidal activity. Our studies indicate that the concentration of silver leading to a complete inhibition of bacteria growth was revealed as low as at 1.0 µg mL -1 [14] and found to be much lower compared with earlier reports ~3-10 µg mL -1 [6] [7] [8] [9] . These advantages of the Ag-NPs materials make them ideal for green industrial, medicinal, microbiological and other applications. With the purpose of developing practical applications, we have developed some products with the use of synthesised Ag-NPs materials as an antibacterial agent including Ag-NPs-embedded masterbatch pellets, nano-silver acrylic aqueous paint, and coating layer on cotton textile (Figure 4) . It is important to note that optimised conditions for complete inhibition in bacteria growth or minimum inhibitory silver concentrations (MIC) leading to inhibition of bacterial growth for tested Gram-negative E. coli (ATCC 43888-O157:k-:H7) and Gram-positive S. aureus (ATCC 43300) bacteria were revealed at minimum silver concentrations of 600 ppm for the case of masterbatch, 100 ppm for aqueous acrylic paint, and 20 ppm for coating layer on cotton textile, respectively. All standard antibacterial tests were conducted at the National Institute of Hygiene and Epidemiology. It is necessary to emphasise that the developed nano-silver-containing products have observed significant effect in inhibition of bacterial growth at the laboratory level [21] . Importantly, the excellent antibacterial effect of nano-silver-containing products over tested bacteria was observed without deterioration of colour or mechanical properties of final products [13] . 
Figure 4
The photographs of the nanosilver acrylic paint (~100 ppm), the Ag-NPs-embedded masterbatch pellets ~1000 ppm and coating layer on cotton textile ~ 20 ppm (see online version for colours)
Finally, to complete the analysis, a new analytical technique was used for evaluation of antibacterial activity of the nano-silver-loading products. For example, Figure 5 shows the zone of inhibition (ZOI) observed around the masterbatch film loading with and without the Ag-NPs in agar plates seeded with bacterial suspension of E. coli. After 24 h of incubation at 37°C, the nutrient agar plates containing 0.5 µg of nanosilver discs exhibited the ZOI of around 6 mm diameter. It was obvious that the diameter of ZOI increased when the silver concentration was increased (see Figure 5) . However, the control plates with nanosilver free discs did not produce any inhibition zones (see the film sample in the centre of disc). The inhibition of bacterial growth around the disc is due to the release of diffusible inhibitory compounds from Ag-NPs into the surrounding medium [15] . From these obtained results, it is reasonable to conclude that the synthesised Ag-NPs exhibiting highly bactericidal activity against both gram-positive and gram-negative bacteria are very promising for cost-effective anti-microbial solutions with a long-lasting effect in industrial applications. 
